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Abstract: This paper presents a critical analysis of two transition state models for the bis-cinchona alkaloid catalyzed
enantioselective dihydroxylation of olefins using a broad range of experimental data. In one model (Sharpless) the
transition state resembles a metallaoxetane structure formed-b@]2ycloaddition of Os=O and G=C, and in the

other the transition state is a five-membered structure in which one axial and one equatorial oxygen of cinchona
bound OsQ@ are becoming attached to the olefinic carbons by &[3] cycloaddition process from an ©slefin
m-complex (CCN model, Figure 1). Data on the enantioselectivity of the asymmetric dihydroxylation of a wide
variety of olefinic substrates and on the selectivity of a range of catalyst structures agree well with expectations
based on the CCN model, but not the Sharpless model.

Introduction are involved in olefin metathesis. Moreover, in the most recent
) ) ) ) ) review? on enantioselective dihydroxylation of olefins, there was
The conversion of olefins to 1,2-diols by dihydroxylation jittje discussion of the [3+ 2] pathway. Recent studies in this
using the reagent osmium tetraoxide has long been a valuablaporatory have provided strong evidence that the chiral 1,2-
reaction for organic synthesisin recent years this transforma-  gjiamine-accelerated enantioselective dihydroxylation of olefins
tion has been _upgradeq to an ena_mtlose_lec_twe m_ethod throughby OsQ occurs via a pathway which is bidentate with respect
the use of chiral 1,2-diamines with stoichiometric G50r to the diamine and unlikely to involve a [2 2] intermediate*
chiral cinchona alkaloid derivatives with catalytic quantities of ¢ development of the Sharpless asymmetric dihydroxyla-
OsQ; and a stoichiometric co-oxidaftThe cinchona-catalyzed  tjon of olefins using various cinchona alkaloid derivatives as
(Sharpless) version of the enantioselective dihydroxylation -niral monodentate amine ligands for Qs@as accomplished
reaction is gspecially practical becquse it requirgs much less ofby the synthesis and testing of many compounds. Starting from
the expensive OspO Both the chiral 1,2-diamine and the he jnitial observation that dihydroquinidine acetate promotes
cinchona alkaloid mediated processes are capable of highyggestly enantioselective dihydroxylation of simple olefins such
enantloselectlwty, and both types of ligand ;trongly accelerate 5¢ €)-stilbene or styrengSharpless and co-workers screened
the rate of reaction of Os{with olefins. Until recently very  many cinchona alkaloid derivatives with gradual improvement
little was known regarding the fundamental basis for enan- o enantioselectivity. The most efficient ligands for promoting
tioselectivity and Il_gand acceleration. Moreover, two d|ffere_nt face-selective dihydroxylation of olefins such as styrene (96%
types of mechanisms have been advanced for the amine-ge) were found to be bis-cinchona alkaloids such as the

accelerated dihydroxylation of olefins by Os((1) a [3+ 2] (DHQD),PHAL system which is shown. In our research the
cycloaddition (Criegee) pathway leading to the cyclic Os(VI)

ester intermediate and (2) a{22] cycloaddition of olefin and H4CO
OsQ either preceded or followed by coordination with catalytic

amine (Sharpless pathway). We believe that the evidence
available at this time strongly favors the {8 2] mechanistic Hi:\
path. The main purpose of this paper is to provide a critical
comparison of the [3 2] and [2+ 2] mechanistic alternatives. N
This analysis is especially appropriate now, since many chemists

are attracted to the [2 2] mechanism because of the analogy

OCH3

with the well-known and facile [2+ 2] cycloadditions which (DHQD),PHAL Adipate-bridged
(Sharpless)® (DHQD),PYDZ72
® Abstract published idvance ACS Abstract®ctober 15, 1996. . .
(1) For background and review, see: Salen M. Chem. Re. 198Q most heavily studied system has been that based on the
80, 187. pyridazine-linked ligand,, (DHQD),PYDZ, since this readily

M .(2%r(]‘%;arga?(aﬁ-;';awgéfgﬁkfétﬁg%g'zl}etgégﬁﬁ (iflfér?])iolgklisi available bis-cinchona alkaloid derivative was found to be more

Nakajima, M.: Koga, K.J. Am. Chem. Sod.987, 109, 6213. (d) Hirama, amenable to X-ray crystallographic studiedd NMR studies

M.; Oishi, T.; Itd, S.J. Chem. Soc., Chem. Comm889 665. (e) Corey, showed that, althoughis conformationally flexible in solution,
E. J.; Jardine, P. D.; Virgil, S.; Yuen, P.-W.; Connell, R. DAm. Chem.

So0c.1989 111, 9243. (f) Tomioka, K.; Nakajima, M.; Koga, R.etrahedron (4) Corey, E. J.; Sarshar, S.; Azimioara, M. D.; Newbold, R. C. Noe,
Lett. 199Q 31, 1741. (g) Hanessian, S.; Meffre, P.; Girard, M.; Beaudoin, M. C. J. Am. Chem. Saocin press.
S.; Sancau, J.-Y.; Bennani, YJ. Org. Chem1993 58, 1991. (5) Hentges, S. G.; Sharpless, K.B.Am. Chem. S0498Q 102 4263.

(3) For a review of the catalytic asymmetric dihydroxylation of olefins, (6) Sharpless, K. B.; Amberg, W.; Bennani, Y. L.; Crispino, G. A.;
see: Kolb, H. C.; VanNieuwenhze, M. S.; Sharpless, KOBem. Re. Hartung, J.; Jeong, K.-S.; Kwong, H.-L.; Morikawa, K.; Wang, Z.-M.; Xu,
1994,94, 2483. D.; Zhang, X.-L.J. Org. Chem1992 57, 2768.
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Figure 1. Stereopair representation of the complex of olefin, Qs@d1 that leads to the observed enantiomer of styrene glyieothe [3 + 2]
cycloaddition pathway. The hydrogen atoms in this and subsequent figures are omitted for clarity.

coordination of the two quinuclidine nitrogens, e.g. to @eD to have been universally accepted. One complication arises
CHs™ (as the bis-methiodide salt), rigidified the structure to the from the fact that different versions of the [2 2] pathway
favored conformation which is showa®? The same structure  have been proposéd,and it is not clear whether the ligand
was revealed in X-ray crystallographic studies of the bis- coordinates to osmium before or after 422] cycloaddition.
methiodide ofl or of the adipate-bridged analog dbfwhich is Rate enhancement by the catalytic amine is unexplained. These
shown’ab The rates of dihydroxylation and the enantioselec- ambiguities, coupled with the simplicity of the substrates that
tivities observed withl and the adipate-bridged analog were have been used to argue for the validity of this model based
essentially the same for a series of different olefisThese upon metallaoxetane stability, complicate the case for or against
and a variety of other studies on the mechanistic basis for the Sharpless model. Unfortunately, no analysis has been made
enantioselectivity in the Sharpless asymmetric dihydroxylation of its applicability to more highly substituted olefins. Sharpless
led to the proposal of the transition state arrangerestitown and co-workers attempted to compare theH2] and [2+ 2]
in Figure 1 for the enantioselective dihydroxylation of styrene, cycloaddition models only for the dihydroxylation of various
involving [3 + 2] cycloaddition of osmium tetraoxide to the substituted styrené$. The main point in this discussion was
double bond, and designated herein as the CCN (for Criegee that the enantioselectivity observed for the dihydroxylation of
Corey—Noe) model. The transition states for the dihydroxy- 3-tert-butylstyrene (95%) is very close to that for styrene (97%)
lation of 1-alkenes such as 1-decene were proposed to beand that these results “are consistent only with our motel”.
analogous to that shown in Figure 1. With the 2,3-beruis, That statement is not credible. Reference to Figure 1 will
the n-alkyl is in van der Waals contact between the two confirm that a@ert-butyl substituent can be placed at the forward
methoxyquinoline units. Terminal olefins with bulky substit- metaposition of styrene in the CCN model shown in Figure 1
uents such atert-butyl are dihydroxylated with low enantiose-  without appreciable destabilization or steric repulsion. In a
lectivity; such groups are too large for the binding pocket. The recent review (ref 3, p 2488), this result with&+-butylstyrene
critical interactions between the catalyst and the substrate whichwas also claimed to be “inconsistent” with the CCN model.
favor transition stat@ for enantioselective dihydroxylation have
been described previously and are restated béldwis model (8) For the development of the asymmetric dihydroxylation of allylic
provides the simplest and clearest explanation for the high f\".“ﬁfj,‘;’ X{,Ibegzg’at:;arg’h‘;ﬁ'Vg‘(',ﬂfgégefi7(""{(%052%(5 ‘é(’)guz”éag".:erez’
) L | . . . . , M. C.J. . . g . y, E. J.;
enantioselectivities observed in the asymmetric dihydroxylation Guzman-Perez, A.; Noe, M. Getrahedron Lett1995 36, 3481. (c) Corey,
of a wide variety of substrates. Moreover, the CCN model has E: J.; Noe, M. C.; Ting, ATetrahedron Lettin press. For the development
demonstrated consi(jera}ble heuristic value in the de\_/elopmentgfot:g‘eE_ag_t;'?\lsgle(?c,\t/:f’g_tfm',ng_!;L%%rgéyrllag’t?lggg"ggtg%efelzsc’)rst?]% @)
of several novel applications of and catalysts for the dihydroxy- development of the kinetic resolution of racemic allylic esters, see: (e)
lation reactior Corey, E. J.; Noe, M. C.; Guzman-Perez, AAm. Chem. Sod995 117,
Despite these attractive features, thet{3] cycloaddition 105(33)7('6\) Norrby, P.-O.; Kolb, H. C.; Sharpless, K. Brganometallics

mechanism for enantioselective dihydroxylation does not seem1994 13, 344. (b) Norrby, P.-O.; Kolb, H. C.; Sharpless, K. &. Am.
Chem. Socl1994 116, 8470. (c) Becker, H.; Ho, P. T.; Kolb, H. C.; Loren,

(7) (@) Corey, E. J.; Noe, M. Cl. Am. Chem. S0d.993 115 12579. S.; Norrby, P.-O.; Sharpless, K. Betrahedron Lett1994 35, 7315. (d)
(b) Corey, E. J.; Noe, M. C.; Sarshar, Rtrahedron Lett1994 35, 2861. Norrby, P.-O.; Becker, H.; Sharpless, K. B.Am. Chem. S0d.996 118
(c) Corey, E. J.; Noe, M. C.; Grogan, M. Tetrahedron Lett1994 35, 35. (e) Sharpless, K. B.; Teranishi, A. Y., &eall, J. E.J. Am. Chem.

6427. (d) Corey, E. J.; Noe, M. Q. Am. Chem. S0d.996 118 319. (e) Soc.1977, 99, 3120. (f) Jgrgensen, K. A.; Schigtt, Bhem. Re. 199Q
Corey, E. J.; Noe, M. C.; Sarshar, 5.Am. Chem. S0d.993 115 3828. 90, 1483.



11040 J. Am. Chem. Soc., Vol. 118, No. 45, 1996 Corey and Noe

Scheme 1. Proposed CCN Pathway for the Production of the Osmium(VI) Ester of Styrene from StyredeCGs@.
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In order to clarify the relative merit of the [3 2] and [2+ the N—Os bond from the eclipsed to the more favorable
2] cycloaddition models, we shall begin with the analysis of a staggered geometry in going from the initial bound complex to
number of important test substrates which react with high the transition state for dihydroxylatidrand (3) van der Waals
enantioselectivity in the asymmetric dihydroxylation and com- binding of the catalyst and the substrate to reduce the entropic
pare expectations based on the two mechanisms with thecost of the reaction. Dihydroxylation of the opposite olefin face
experimental data. It will be shown that in each of these critical is less favorable because there is no three-dimensional arrange-
cases the [3+ 2] cycloaddition model provides a simple and ment for effective binding of the substrate withcoordinated
clear explanation for the high levels of face selectivity in the OsQ, and the U-shaped catalyst binding pocket.
asymmetric dihydroxylation and that the Sharpless metallaoxe- The observation of MichaelisMenten kinetic behaviofd
tane model is inconsistent with the experimental results. which implies the intermediacy of a reversibly and rapidly

Description of the Mechanistic Models. The CCN [3+ formed olefin-catalyst comple8 (Scheme 1), is fully consistent
2] cycloaddition pathway for the enantioselective dihydroxy- with the [3+ 2] cycloaddition mechanism. Compl&involves
lation is shown for the case of styrene in Figure 1. The ligand not only a donotr-acceptor (dz) interaction between the double
geometry in Figure 1 correspondsactlyto that indicated by bond and osmium but also attractive van der Waals interactions
X-ray and 'H NMR (including NOE) studies of the bis- between the substrate and the enzyme-like U-shaped binding
methiodide?® this specific geometry forms the basis for all of pocket, as shown. This pathway accords with all available
the CCN pathways and figures presented hef@inThe mono- experimental data on the bis-cinchona/Qs@talyzed enantio-
methiodides (and other mono quaternary ammonium salts) of selective dihydroxylation of olefins, including the observatfon
ligands such ad are generally somewhat more effective or of modest nonlinearity (temperature breaks) in Eyring-type
equivalent to the bis-amines and lead to conformationally more diagrams. As has been pointed out in an extensive discussion
rigid structures® It seems likely that mono OsZzomplex1 of the application of Eyring diagrams to chemical selectivity,
is similarly rigidified in t-BuOH—H,O (the most effective nonlinear Eyring plots “should be observable” for systems with
medium for enantioselectivity in the catalytic dihydroxylation Michaelis—Menten kineticd?!
reaction) by hydrogen bonding of solvent to the standby At |east two variants on the [2 2] cycloaddition pathway
quinuclidine nitrogen. The spacing between the parallel meth- have been advanced by Sharpl&eand these are sum-
oxyquinoline rings in Figure 1 is indicated to be 7.2 A from  marized in Scheme 2. The early Sharpless propesaphasized
X-ray data. The HCCH dihedral angle for the quinuclidine  the importance of ligand-based stabilization of the metallaoxe-
benzylic carbon bond is indicated to be fixed neaf 8dth tane intermediate, formed by [2 2] cycloaddition of the
from *H NMR coupling constant and X-ray de#&.The C-O— substrate olefin with ligand-bound OgQvithout specifying a
C(pyridazine) unit is coplanar with the pyridazine ring with a rate-limiting step. Rearrangement of the putative osmaoxetane
large barrier to rotation (from X-ray and variable temperature |eading to the observed [8 2] cycloadduct was assumed. This
'H NMR studies up to 150C). Other rotational motions of  model was later revised apparently on the basis of a lack of
1-0sQ, from the geometry shown are possible about the bonds precedence for the cycloaddition of the olefin to the 18-electron
from the quinoline ring and the pyridazinyloxy group to the | .0sQ, specie$d This revised pathway for production of the
benzylic carbon, but these are likely to be modest because ofgjo| yia the [2+ 2] cycloadduct, which corresponds to path B
nonbonded steric repulsions which set in with deviations from of Scheme 2, was based on the assumption of rapid reversible
the geometry shown in Figure 1. formation of the metallaoxetane from olefin and Qsénd

The CCN pathway has the following characteristics: (1) a subsequent coordination of the ligand which accelerates rear-
preference for the U-shaped conformation of the catalyst  rangement to the osmium(VI) estr. It was proposed that
OsQ;, which has the ability to bind olefinic substrates in a
binding pocket composed of the two parallel methoxyquinoline  (10) See: Gbel, T.; Sharpless, K. Bangew. Chem., Int. Ed. Endl993
units, N-coordinated OsOand the pyridazine spact? (2) 32 1229, These autiors have aroued Wt eninesr Bng piots of
initial complexation between the double bond of the substrate of asymmetric dihydroxylation reactions supports a two-step+[2]
and the Os center of quinuclidine-bound Qs&hich adds an mechanism, but not a [8 2] pathway for these reactions on the assumption

additional binding contact between the catalyst and the sub&trate, tha(tltlh)e(;‘;‘tgsvgﬁrl:"gn%eg -Sg'fr',i}?tip g’aCE“SOSne-r ARgew. Chem., Int. Ed
(3) the proximity of one axial oxygen ¢pand one equatorial Engl. 1991 30, 477. (b)' Thé obser'vation 'of breaks in enantiosélectivity

oxygen (Q) to the olefinic carbons of the bound substrée, temperature Eyring plots is readily understood in terms of the intermediacy
and (4) a minimum motion pathway from this arrangemsat of the Michaelis-Menten complex3 and reaction via a [3 2] transition

e - : state,2. Major and minor dihydroxylation pathways, leading to major and
a [3 + 2] cycloaddition reaction that directly produces the minor enantiomeric diols via diastereomeric transition states, each have a

pentacoordinate osmium(VI) ester in the energetically most pre-equilibrium step and a transition state forming step (i.e. two selectivity
favorable geometr{2® The acceleration of face-selective steps) with quite different activation enthalpy-entropy balafte&) A

i i ic_Ci H iatidai recent report, which appeared after the preparation of this manuscript, argues
dihydroxylation by the bis-cinchona alkaloid derivatiteis in favor of the [2+ 2] pathway over the [3. 2] mechanism. but does hot

derived from three factors: (1) shortening (i.e. strengtheﬁing) consider the demonstratitof Michaelis-Menten kinetics. See: Norrby,
of the quinuclidine N-Os bond during reaction, (2) rotation of  P.-O.; Gable, K. PJ. Chem. Soc., Perkin Trans, 2996 171.
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Scheme 2. Two of the Sharpless [2- 2] Cycloaddition Pathways for the Production of the Osmium(VI) Ester of Styrene from
Styrene andl-OsQ.
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enantioselectivity depends both on the relative stabilities of the dihydroxylation with OsQ is unclear. To be of value such
diastereomeric [2+ 2] cycloadducts and on the rates at which calculations would have to be very precise (e-9.5 kcal/mol).
they rearrange. Furthermore, all of these calculations were carried out only for
The observation of MichaelisMenten kinetic behavior in  simple substrates, and no analysis of the many approximations
the catalytic asymmetric dihydroxylatiGhindicates that if a was presented. Recent and more rigorous calculations on the
metallaoxetane intermediate is formed, its formation must occur reaction of ethylene with Os&NHj; clearly disfavor the [2+
rapidly and reversibly, and that the subsequent rearrangemen®] mechanisni? In contrast, for these same substrates, the CCN
to the [3 + 2] cycloadduct must be rate determining. The [3 + 2] cycloaddition model provides a simple and clear
Curtin—Hammett principle dictates that for this situation the understanding of enantioselectivity.
relative stabilities of the diastereomeric metallaoxetanes are The differential stabilization of the diastereomeric metalla-
irrelevant to enantioselectivity and that enantioselectivity will oxetanes in the Sharpless proposal is thought to occur through
depend on the two transition state energies. If the transition stabilizing (van der Waals) interactions between one of the
state for this rearrangement occurs early, as might be expectedsubstrate substituents and an L-shaped domain composed of a
from the exothermicity of the Os(VI) ester formation (Hammond phthalazine linker group and one methoxyquinoline ring of the
principle), then its geometry could resemble that of the catalys A metallaoxetane intermediate for the enantioselective
intermediate metallaoxetane. In the event of a late transition dihydroxylation of styrene, analogous to that advanced by
state which resembles the B 2] transition state, the role of  Sharpless,is shown in Figure 2 for the pyridazine-linked bis-
the [2+ 2] adduct is inconsequential and hence superfluous to dihydroquinidine system. We had previously shown that the
mechanistic analysis. Because of these considerations and th@yridazine- and phthalazine-linked bis-cinchona systems exhibit
fact that Sharpless’ latest proposal implies that the transition nearly identical behavior for a range of substrdfesAs
state for rearrangement resembles the metallaoxetane intermedindicated in Figure 2, the phenyl group of the substrate overlaps
ate? the analysis presented in this paper of the-[2] pathway with only half of the pyridazine linker group df, with the
will focus on the stabilities of the diastereomeric metallaoxetanes remainder projecting out toward solvent. There are minimal
as determinants of the relative rates of formation of enantiomeric additional interactions with the substrate and the methoxyquino-
diols. In the most recent arguments presented by Sharpless ifine ring that composes one wall of the proposed L-shaped
favor of the [2+ 2] pathway, a series @b initio calculations pocket. These observations would suggest that the pyridazine-
of the stabilities of diastereomeric metallaoxetane specieslinked catalyst should be considerably less effective than the
derived from MeN-RuO; and simple olefins was presented. phthalazine analog with regard to enantioselectivity, contrary
The calculated energies of these intermediates (which use arto experimental result§. Furthermore, the minimal contact of
assumed basis set and neglect electron correlation and relativistithe substrate with the forward methoxyquinoline ring (right side)
effects) were then assumed to hold for the cinchona alkaloid of the catalyst suggests that its replacement with a methoxy
OsQy-catalyzed asymmetric dihydroxylation. In order to com- group should not affect enantioselectivity. These expectations
pensate for the neglected influence of the cinchona alkaloid are inconsistent with the experimental observatioite(infra).”®
ligand on metallaoxetane stability in these calculations, a The differential mechanistic analysis of the CCN {32]
qualitative molecular mechanics model was formulated basedand Sharpless [2 2] pathways which is the major purpose of
on the ab initio work with RuQ.%* The relevance of such (13) Recent calculations for the reaction of Q&Hs with CH,=CH,

approximate calculations based on Rut® the asymmetric (GAUSSIAN 94 program at the B3LYP level of density functional theory
with the LANLZDZ effective core potential) have indicated that the reaction

(12) An Os(VI) ester coordinated to a mono-cinchona alkaloid ligand cannot involve a [2+ 2] intermediate but can proceed via af3] pathway
has been characterized by X-ray crystallography. See: Pearlstein, R. M.;with a very low barrier. Dapprich, S.; Vjaque, G.; Maseras, F.; [{do;
Blackburn, B. K.; Davis, W. M.; Sharpless, K. Bngew. Chem., Int. Ed. Morokuma, K.J. Am. Chem. Sacsubmitted. We thank the authors for a
Engl. 199Q 29, 639. preprint of this paper.
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Figure 2. Stereopair representation of the metallaoxetane intermediate derived from styrepea@kChat leads to the observed enantiomer of
styrene glycol.

. . . . . Table 1. Enantioselectivity in the Asymmetric Dihydroxylation of
this paper will be carried out by comparing the approximate Substrates Possessing Remote Binding Groups Using

three-dimensional representations of the transition states. ThreqpnQD),PYDZ (1)8c

types of comparisons will be made: (1) based on substrate

structure for a variety of crucial structural classes, (2) based on o

changes in the structure of the catalytic ligand, and (3) based (\0 HO.,_~q S09%  98%

on kinetic resolution studies (i.e. relative rates of dihydroxyla- ' ocH o J/\ ocH

tion) of chiral olefins. A critical aspect of each comparison is o ’ o ?

the analysis of the interactions between the substrate and the M

binding E/egions of the ligand. \Il/\oﬂ\@ j/\"J\@\ %B8%  91%
The binding regions that provide stabilization for the alterna- OCH, "o OcHs

tive transition states for the asymmetric dihydroxylation possess i ov

very different topological features and dimensions. The U- "”S°/\[(\°J\©\ “’”’j/\")\@\ 98% >97%

shaped binding pocket proposed for the CCNH{2] pathway OCHs Ho OCHs

is approximately 6.9 A wide (measured as the interplanar i Ho i

distance of the two methoxyquinoline walls) and 8 A long M@\ “J/\)k@ 9% >98%

(measured from the outer edges of the two methoxyquinoline OCH, HO OCH,

walls). The L-shaped binding domain proposed by Sharpless ‘/\/0 Ho,, o

for the metallaoxetane intermediate is approximately 5.5 A wide | \©\°c” Hof\/ O\o% 96%  91%

(measured from the innermost equatorial oxygen of £&0 '

. . o gH o
the plane of the forward methoxyquinoline wall) and has \n/\’ O j/\’ \©\ 9%  96%
OCH, HO OCH,

Olefin Product Yield % ee

variable length at the bottom of the L depending on the
heteroaromatic linker group (3.4 A long for the pyridazine and

o OH
5.7 A long for the phthalazine linker). A stereoview of the @N \rou O/\’OO 74%  95%
) “OH OCH,

binding region involved in the [2Z 2] dihydroxylation of styrene

with the pyridazine linker is shown in Figure 2. In the o Mo

subsequent discussion of the 42 2] mechanism for various /O/\/ Oocu, ,O:;/ O\om 62%  95%
substrates we have used the ligand geometry proposed by the )

o] o
Sharpless group for the bis-cincherf@sQ, complex in a recent o Ho.,
review? in which it is stated that “Recent ligand structsre e )\©\ocua HOJ/\A OJ\QOCHS 9% 82%
activity studies have shed light on the origin of the enantiose-
lectivity in the AD reaction and demonstrated the importance O O
of an enzyme-like binding pocket present in the “dimeric” '/\N/ "°:|A,( 90% 90%
cinchona alkaloid ligands, e.g., the phthalazine ligands (Figure ' Ho

3).” The illustration in their Figure 3 used styrene as the olefinic

substrate. The large topological differences betweett [3]

and [2+ 2] ligand binding suggests that the enantioselectivity that certain derivatives of terminal allylic alcohols, e.g. 4-meth-
of the dihydroxylation of judiciously chosen substrates can serve oxybenzoate esters, should undergo dihydroxylation with high
to distinguish between the pathways. For such a decisive enantioselectivity, whereas others, e.g. triisopropylsilyl ethers,
comparison, it is necessary to consider only substrates that areshould nof The following 4-methoxybenzoates of allylic
dihydroxylated with high enantioselectivity, and the discussion alcohols were dihydroxylated with the (DHQIP)YDZ—0sQ,
which follows deals only with such cases. In our judgment, catalytic system with the indicated product ee’s: allyl (98%);
the analysis presented herein overwhelmingly supports the CCN2-methylallyl (97%); E)-crotyl (>99%); 1-cyclohexenylmethyl

[3 + 2] cycloaddition model but not the metallaoxetane (98%). (See also Table $3) In contrast the observed ee’s for

mechanism. the triisopropylsilyl and benzyl ethers of allyl alcohol were 3%
) ) and 60%, respectiveB2 The CCN [3+ 2] model readily
Results and Discussion accommodates all of the experimental evidence regarding the

Substrate Structure and Enantioselectivity. One important direction and level of position selectivity and enantioselectivity
feature of the CCN [3+ 2] mechanistic model is that it allows  in these allylic asymmetric dihydroxylations. According to this
estimation of the approximate degree of enantioselectivity in model, and as shown in Figure 3, allyl 4-methoxybenzoate
the bis-cinchona controlled dihydroxylation of an olefinic positions itself such that the 4-methoxybenzoyl ring is interposed
substrate. Another is the guidance it provides in the design of between the forward and rearward methoxyquinoline rings of
favorable substrate structures for enantioselective dihydroxy- the catalyst, leading to substantial van der Waals binding. With
lation. These features led to the prediction, and demonstration,the substrate positioned in this manner, the double bond is
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Catalyst

Figure 3. Stereoviews of the two pathways leading 8-¢lyceryl-4-methoxybenzoate. Top: {8 2] CCN model showing attractive interactions
between the substrate 4-methoxybenzoyl group and the U-shaped binding pocket. Bottom: metallaoxetane model.

oriented perfectly for [3+ 2] addition to one axial and one

equatorial oxygen of the quinuclidine-bound osmium tetraoxide.

The bulky triisopropylsilyl group is too large to fit in the

U-shaped binding pocket, and in consequence, allyl triisopro-

pylsilyl ether cannot bind to the catalytic complex as shown in
Figure 3. The phenyl ring of allyl benzyl ether prefers to be

oriented with the ester carbonyl group projecting out the top of
the U-shaped pocket toward solvent. For the case of homoal-
lylic ester derivatives, the ester carbonyl group is positioned
downward and interacts unfavorably with the nitrogen atoms
of the pyridazine ring at the floor of the U-shaped pocket. The
important effect of the 4-methoxybenzoyl group in directing

twisted out of the plane of the double bond, resulting in a less position selectivity and enantioselectivity can be clearly under-

optimum fit in the U-shaped cavity compared to allyl 4-meth-
oxybenzoaté#

The metallaoxetane intermediate derived from thet2]
cycloaddition of one GsO bond to allyl 4-methoxybenzoate
is also shown in Figure 3. The ligar®sQ, geometry shown

for this intermediate corresponds to that used by Sharpless to

explain the high levels of enantioselectivity in the dihydroxy-
lation of styrene. In the dihydroxylation of allyl 4-methoxy-

benzoate, the 4-methoxybenzoyl group is located far beyond
the lower edge of the pyridazine spacer group and hence canno
participate in binding interactions with the catalyst L-shaped
domain. The lack of binding between the 4-methoxybenzoyl
group of the substrate and the cinchona alkaloid catalyst, either
in this metallaoxetane or in the diastereomer which produces
the enantiomeric diol, implies that the two putative diastereo-
meric transition states have similar energies and that enantio-
selectivity would be poor, contrary to fact.

Bishomoallylic 4-methoxybenzoates are predicted to be good
substrates for enantioselective dihydroxylation by thet[2]

stood by means of the CCN [8 2] cycloaddition model but
not by the metallaoxetane pathway.

The 4-methoxyphenyl ethers of terminal homoallylic alcohols
are expected to be good substrates for enantioselective dihy-
droxylation on the basis of the CCN model. In fact very good
enantioselectivities have been demonstrated with a series of
homoallylic 4-methoxypheny! ethef&® Table 1 summarizes
the data for a number of allylic, homoallylic, and bishomoallylic

Flerivatives. In each case the high level of enantioselectivity

and the regioselectivity which are observed agree with the CCN
[3 + 2] model, but not with the [2+ 2] model, since the
aromatic portion is not involved in the binding domain for the
latter.

Further support for the CCN [3- 2] model for dihydroxy-
lation of bishomoallylic 4-methoxybenzoates derives from the
observation that the aromatic group, though remote from the
olefinic linkage being oxidized, is held within the U-shaped
binding pocket and protrudes through the rear. These facts

CCN model, whereas homoallylic 4-methoxybenzoates are not. suggested the study of a catalyst carrying a 9-anthracenylmethyl

Allylic and bishomoallylic 4-methoxybenzoates, when posi-
tioned within the binding pocket in this manner, are both

(14) For conformational preferences of benzylic systems, see: Smith,
H. E.; Fontana L. PJ. Org. Chem.1991 56, 432 and references cited
therein.

group on one quinuclidine nitrogen of the (DHQBYDZ
ligand, as shown in Figure%. The anthracenyl group, whose
size causes it to adopt the conformation shown in Figure 4,
provides another contact area for bishomoallylic 4-methoxy-
benzoates near the rear of the U-shaped binding pocket of the
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Figure 4. Proposed transition state geometries for the catalytic asymmetric dihydroxylation of bishomoallylic 4-methoxybenzoates using the bis-
cinchona alkaloid catalysts and 4.

catalyst. As expected from the CCN model, terminal bisho- ceiling, the Sharpless L-shaped binding domain, which presents
moallylic 4-methoxybenzoates are dihydroxylated with signifi- an aromatic wall 5.5 A to the right of the quinuclidine-bound
cantly better enantioselectivity using the ligahds compared OsQ, cannot. Thus, substrates possessing large aromatic groups
to (DHQD)PYDZ, which lacks the 9-anthracenylmethyl group. coplanar with the double bond lead to {2 2] adducts which
This observation conflicts with the [2- 2] model since the  overrun the L-shaped pocket. Results with a number of such
9-anthracenylmethyl group in that model should provide no test substrates are summarized in Table 2. The absolute
additional transition state stabilization because it is totally remote configurations of the diols derived froi 8, and10 have been
from the substrate. In contrast, the role of the 9-anthracenyl- rigorously established by X-ray crystallographic analysis of
methyl group in stabilizing the transition state for the enantio- appropriate heavy atom derivativis. Specific interactions
selective dihydroxylation of these substrates follows clearly from petween one representative substrag gnd each of the
the CCN model for enantioselective {32] cycloaddition. Thus,  proposed catalytic pockets will be discussed below. A stereopair
with the su.bstr.ate positioned within the U-shapgd b?nding pocket representation of the catalystlefin complex for the dihy-

as shown in Figure 4, the anthracenyl groupte$ oriented SO qroxylation of this substrate based on each of the mechanistic
as to allow additional arytaryl stacking type van der Waals  models is shown in Figure 5. The metallaoxetane binding

interactions between the c_atalyst and the 4-methoxybenzoylgeometry in each case parallels that proposed for styrene as
group of the substrate which lower the free energy of the ghqwn in Figure 2.

transition state for enantioselective dihydroxylation. .
Substrates Possessing Extended Polycyclic Aromatic Bind- Each of the substrates shown in Table 2 possesses a long
aromatic group that cannot fit within the Sharpless L-shaped

ing Groups. The proposed binding domains for the 32] . . . .
an [z 2] cycoaddon paihways possess such diferent (970 TS, 1 Daorcine femectate v et
topology that the two mechanisms can be differentiated by the between the fluorenyl group and the forward (right) methoxy-

judicious selection of test substrates. We described in the "~ . L Y
J quinoline wall of the catalyst, with minimal binding between

preceding section a number of highly enantioselective dihy- ; the i I &and th idazi
droxylations of terminal olefins which are not expected on the one portion of the uoreny! group @fan the pyridazine spacer
f the catalyst. Similar destabilization can be expected for

basis of the Sharpless metallaoxetane model due to the absenc® . s
of substantial binding between the substrate and the putativeMetallaoxetanes derived from the other substrates in Table 2,
L-shaped binding region. This section and that which follows ©€SPecially for the case df0, for which the anthracene ring
describe experiments on another series of highly enantioselective/Vould run through both the forward methoxyquinoline wall and
dihydroxylations involving polycyclic substrates which are too the quinuclidine ring of the catalyst. The Sharpless mechanism

large to fit the L-shaped pocket proposed in the Sharpless model. (15) Detailed X-ray crystallographic data are obtainable from the

While the U-shapgd pocket of the CCN model can accom- cambridge Crystallographic Data Center, 12 Union Road, Cambridge, CB2
modate substrates with extended aromatic groups due to its openez, UK.
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Figure 5. Stereoview of two possible pathways leading to the observed enantiomer of the diol derive8l. ffmp: [3 + 2] addition model
showing the favorable interactions between the substrate fluorene ring and the catalyst U-shaped pocket. Bottom: metallaoxetane intermediate.

Table 2. Enantioselectivity in the Asymmetric Dihydroxylation of  styrene in Figure 1. The fluorenyl ring of the substrate nestles

Olefins Possessing Extended, Planar Binding Groups Using the comfortably within the U-shaped pocket of the catalyst. In this
(DHQD)PYDZ Ligand () geometry, the double bond of the substrate is positioned
Olefin Structure Product Yield % ee perfectly for the [3+ 2] cycloaddition that produces the
s Gé «OH 0% 94 observed enantiomgr of the_ d_iol._ A sim_ilar analysi_s can pe used
@ to understand enantioselectivity in the dihydroxylatior7. ofVith
OAnis OAnis the fluorenyl ring of this substrate positioned in the U-shaped
6 “ @ig’,t'ou 2% 98% pocket of the catalyst, the isolated phenyl ring of the substrate
O‘ lies over the catalyst pyridazine linker group. Binding energy
O for the catalystsubstrate complex is derived from andryl
; O O O’ 61%  97% stacking and van der Waals interaction of each aromatic ring
\ W\ of the substrate and the individual aromatic rings of the
" Ho U-shaped cavity. Dihydroxylation of the opposite olefin face
O’O O’O as that shown in Figure 5 is suppressed by severe steric repulsion
8 ‘ .,..OH 9%  95% which would result from positioning the substrate aromatic
*oH groups close to the pyridazine linker. Unlike the Sharpless
O O O ‘ L-shaped pocket, the U-shaped region of the catalyst, which
9 ‘ ‘ » % T71% provides most of the transition state stabilizing binding, ac-
o commodates the extended aromatic group of the substrate
z HO. without concomitant repulsion.
10 5%  >98% A similar CCN analysis can be applied successfully to the

&

W
(2
\ 7
W

other examples shown in Table 2. DihydrofluorantheBjeig
dihydroxylated with high enantioselectivity by the ligahdas
expected. However, considerably lower selectivity is observed
predicts either the predominance of that enantiomer which is in the reaction ofd. The reduced enantioselectivity foras
formed only in minuscule proportion, or no selectivity at all. compared t® is readily understood by the CCN model in terms
The CCN [3+ 2] cycloaddition pathway provides a clear of the nonplanarity of the phenyl substituent $nhwith the
and simple explanation for all of the observed enantioselectivi- olefinic linkage. Such non planarity reduces binding within the
ties in Table 2. The transition state assembly for the asymmetric U-shaped pocket. The anthracenyl ringldfand the double
dihydroxylation of8 using the (DHQD)PYDZ-OsQ catalyst bond are nonplanar, but unlike substr@tevhich possesses two
appears in Figure 5. This catalystubstrate complex geometry  different aromatic rings that can be held within the U-shaped
parallels that shown for the asymmetric dihydroxylation of pocket and thereby produce enantiomeric di&l8 possesses
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Figure 6. Stereoviews of the two pathways for the asymmetric dihydroxylatidrloTop: [3+ 2] addition pathway showing attractive interactions
between the substrate aryl groups and the catalyst U-shaped pocket. Bottom: metallaoxetane intermediate.

C e P Table 3. Enantioselectivity in the Asymmetric Dihydroxylation of
only one aromatic binding group. Association of that group |5.-cibstituted Olefins Uging the (DyHQB)-iAL Ligzmdl“y

with the U-shaped pocket results in highly enantioselective _
. . . Olefin Structure Product Yield % ee

catalytic dihydroxylation. OTEONS )

Tetrasubstituted Olefins. Enantioselectivity in the Sharpless 11 P" @ijc;: 94-98%  93%
asymmetric dihydroxylation is highest for terminal, 1,1-disub-
stituted, E)-1,2-disubstituted, and trisubstituted olefins. The
asymmetric dihydroxylation of tetrasubstituted olefins has
recently been developed using electron-rich substrates and
increased catalyst loadirt§. Catalysts for the dihydroxylation 13 Me @:&-ucu, 64-85%  85%
of these olefins turn over very slowly as a result of steric factors o
that impede the hydrolysis of the intermediate osmium(VI)
esters. Tetrasubstituted olefins which are dihydroxylated with ) . . o
high enantioselectivity 90%) possess aromatic groups as well 0th the quinuclidine ring and the distal methoxyquinoline ring
as coplanar endocyclic double bonds. The highly enantiose- (ght side). This type of repulsion has been associated with
lective dihydroxylation of these substrates provides further heunfavorable pathway(i.e. leading to the minor enantiomer)

evidence in favor of a [3+ 2] pathway. A typical example is in the asymmetric dihydroxylation oEj-1,2-disubstituted and
shown in Figure 6, a stereopair representation of the-[3]

trisubstituted olefingd It has also been used to explain the poor
and [2+ 2] structures corresponding to the preferred asymmetric enantioselectivity generally observed in the dihydroxylation of
dihydroxylation of11. Several analogous examples appear in

(2)-1,2-disubstituted olefin¥ For tetrasubstituted olefins,
Table 3. however, one substituent is required to occupy this disfavored
position in the metallaoxetane intermediate. For this reason,
Sharpless has incorporated the proviso that, for tetrasubstituted
olefins, the metallaoxetane structure does not even exist as a
reaction intermediate, but occurs as a transition state for the
dihydroxylation? Indeed, the Sharpless metallaoxetane model
does not explain the high enantioselectivities observed for any
(16) Morikawa, K.; Park, J.; Andersson, P. G.; Hashiyama, T.; Sharpless, Of the dihydroxylation reactions of the tetrasubstituted olefins
K. B. J. Am. Chem. Sod.993 115, 8463. shown in Table 3. In contrast, the direction and level of

OTBDMS o

m. @:&.,.Ph B32%  89%
OH

OTBDMS [o}

O O

The metallaoxetane intermediates for the asymmetric dihy-
droxylation of each of these substrates are subject to a
prohibitive level of steric repulsion between the substrate and
the catalyst, as is revealed in Figure 6. These unfavorable
interactions arise as a result of the proximity of the substrate to
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Figure 7. The two possible metallaoxetane intermediates that lead to the observed enantiomer of the diol deritdd Tlwrower intermediate
is disfavored due to repulsive interactions between one substrate methyl group and the catalyst quinuclidine ring.

enantioselectivity observed in these oxidations is well explained Table 4. Enantioselectivity in the Asymmetric Dihydroxylation of
by the [3+ 2] model. The necessity for an endocyclic double Trisubstituted Olefins Using the (DHQEPHAL Liganc®

bond in the substrate follows from the requirement that steric ~Enary Substrate Product Yield % ee
repulsions between the endocyclic methylene groups of the - A

substrate and the pyridazine spacer of the catalyst be minimized. 1 \r\/\ >éf\/\ %
Thus, with the fused aromatic ring held within the binding region 5 TEOHSA_ o N 68.95%  89%
of the catalyst, the double bond @i is positioned perfectly G Com OH

for oxidation to the observed enantiomer of the product. This 16 = 2~ 68-95% 90%
geometry of the catalystsubstrate complex does not impose Temso, e % me

H 68-95% 97%

unfavorable steric repulsion on the transition state for dihy- 17
droxylation, since the binding pocket accommodates the crucial
substrate domain (see Figure 6) and the silyl group of the 8

Ph>=/
Y
(]
substrate projects forward of the pocket. Dihydroxylation of :

59% 89%

OH
Z
Ol
o
HO,
L3
HoO,
X I 8% 86%
NO’Q_< 84%  96%

Ho,, — 80% 92%

the opposite face of the double bond is disfavored by repulsive 1?
interactions involving the catalyst linker group and the phenyl
substituent ofL1 and between the silyl group of the substrate 20
and the U-shaped binding pocket. The simplicity of the
argument for enantioselectivity in the asymmetric dihydroxy-
lation of these substrates using this CCN model contrasts with
the lack of agreement with the Sharpless metallaoxetane model.
Trisubstituted Olefins. Trisubstituted olefins generally are  (A) and non-Markovnikov (B). Although it is conceivable that
dihydroxylated with high levels of enantioselectivity, and this both the Markovnikov and non-Markovnikov intermediates are
observation can be understood in terms of prohibitive steric formed easily, neither type of transition state involves binding
interactions between the substrate and the catalyst in theof the long aliphatic chain of any of the substrates shown in
transition state for formation of the disfavored enantiomer. While Table 4 while at the same time avoiding an unfavorable steric
both models offer a qualitative understanding of the direction interaction between theis-vinylic substituent and the quinu-
of enantioselectivity in these reactions, the CCN model better clidine ring of the catalyst. In the case of substrdteand17
accounts for the stabilizing interactions between the substratethe [2+ 2] transition state suffers from steric repulsion between
and the catalyst that are crucial for high enantioselectivity. As the silyl group of the substrate and the distal (right) methoxy-
shown in Figure 7, two isomeric metallaoxetane intermediates quinoline ring of the catalyst. The minimal contact between
are possible for the formation of the favored enantiomeric diol the substrate and the L-shaped catalytic pocket in the geometry
derived from the oxidation of 2-methylhex-2-ene, Markovnikov shown in Figure 7A combined with the significant steric
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Figure 8. The two possible substrateatalyst complexes that lead to the observed enantiomer of the diol derived4romthe [3+ 2] addition
pathway. The upper complex is less favorable due to steric interactions between a substrate methyl group and the catalyst pyridazine linker.

Figure 9. The two possible substrateatalyst complexes that lead to the minor enantiomer of the diol derived ¥dona the [3+ 2] addition

pathway. The complex shown in A suffers from severe steric repulsions between the propyl group of the substrate and the phthalazine linker of the
catalyst. The complex shown in B is less favorable than the pathway shown in Figure 8B due to steric repulsion of one of the substrate methyl
groups and the phthalazine spacer of the catalyst.

interactions that disfavor dihydroxylation through the intermedi- between these groups. In the structure shown in Figure 8B,
ate shown in Figure 7B suggest that other oxidation pathways the aliphatic chain of the substrate makes van der Waals contact
would compete with those shown in Figure 7 (that lead to the with the phthalazine spacer while the isopropylidene group binds
observed enantiomer) with loss of enantioselectivity. The highly to the forward (right) methoxyquinoline ring. This is the more
enantioselective dihydroxylations of the substrates shown in favorable of the two possible arrangements which lead to the
Table 4 are not expected from the Sharpless model. preferred product. The two analogous structures which lie on

The [3+ 2] cycloaddition model, on the other hand, provides the pathway to the disfavored enantiomeric diol involve severe
a simple rationale for the observed enantioselectivities in the repulsions as shown in Figure 9. A similar analysis explains
dihydroxylation of these substrates. Two possible transition each of the other cases summarized in Table 4. The CCN model
state arrangements for the production of the observed diol has also been used to design catalysts for the highly position
enantiomer are shown in Figure 8. These differ by a°180 selective and enantioselective dihydroxylation of oligoterpene
rotation about a horizontal line in the plane of the page and derivatives using modified cinchona alkaloid derivatives that
through the center of the double bond. In the structure in Figure possess (1) extended aromatic linker groups (to increase binding
8A, the aliphatic chain is positioned within the U-shaped pocket, of the substrate) and (2) branched' @Boups (to block deep
while thecis-methyl group lies close to the phthalazine spacer penetration of the substrate into the U-shaped binding pocket)
group of the catalyst, probably resulting in some steric repulsion (vide infra).



Bis-Cinchona-Catalyzed Dihydroxylation of Olefins J. Am. Chem. Soc., Vol. 118, No. 45, 19949

4

CCN

[2+2]

Subisirate Calalyst H

Figure 10. Stereoviews of the two pathways for the asymmetric dihydroxylation of decene showing the potential effects of cdtalylssidétion.
Top: [3+ 2] addition pathway for the asymmetric dihydroxylation catalyzed by 3,6-bisi@gylhydrocupreidyl)pyridazine. Bottom: metallaoxetane
intermediate for the dihydroxylation catalyzed by

. < . Table 5. Comparison of Enantioselectivities Obtained in the
Catalyst Structure and Enantioselectivity. In the foregoing Asymmetric D”ﬁ’y droxylation of Olefins at €C Using the

section on the description of the CCN and Sharpless mechanistiqpHQp),PHAL (PHAL) and (DHQD)PYDZ (PYDZ) Ligands

models, it was pointed out that for the Sharpless+{22] Olefin Product % e (PYDZ) 7 e (PHAL)
transition state, the most important contact area for van der o en on

Waals binding between the substrate and the catalyst is the flat I \[ 96% 97%
bicyclic phthalazine spacer which links the two cinchona o nCathy B

subunits. Consequently, one would expect that the replacement " \[ 83% 84%
of the phthalazine fused ring system by a single pyridazine ring oy

would produce sizable changes in enantioselectivity since the "'\"/ ""\t“ 93% 94%
binding between the substrate and linker would be substantially o

reduced. We have determined the enantioselectivities for the »csm.\'r '*Cf-“"\EEOH 65% 66%
catalytic dihydroxylation of a series of nine different olefins oH

with both (DHQDYPHAL and (DHQD}PYDZ ligands at ®C E‘\& E‘I°” . o34
using the standard procedure described in the experimental £t HOZ Et ’ o
section. The experimental data which are summarized in Table ¢ C4Ha OH

5 show that the use of (DHQEBHAL and (DHQD}PYDZ Wl\h% HOI»c.H, 96% 9%

ligands leads to essentially identical enantioselectivities with Ph PhLOH

this structurally diverse set of substratésThis result accords Iph HOIPh >98% >98%

best with the CCN model which involves similar contact binding Ph on, OH

areas in the transition state between the substrate and the \O D 98% 98%

phthalazine or pyridazine linker. In the CCN model, van der “ "oh

Waals binding between the olefinic substrate and the U-shaped "M 95% 98%

binding pocket (the methoxyquinoline subunits) is very impor-

tant, and the principal contact between the substrate and catalyst

at the potto.m of the U-pocket is with the two ring nitrogens of  The fact that the Sharpless model implies only a minor

the pyridazine or phthalazine spacer. binding interaction between the [2 2] bound substrate and
(17) For comparisons of the (DHOBIYDZ and (DHQD)PHAL _one_of the methoxyquinoline rings (right ,Slde, distal to @sO

ligands, see: (a) Crispino, G. A.; Makita, A.. Wang, Z.-M.; Sharpless, K. implies that there should be no role of thenéethoxy substit-

B. Tetrahedron Lett1994 35, 543. (b) Reference 7e. uents on the quinoline rings in substrate binding. In contrast,
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Figure 11. Stereoview of the proposed transition state arrangement for the position-selective dihydroxylation of farnesyl acetate using the O6
4-heptyl analog ofl. The methyl iodide group has been omitted from the stereoview for clarity.

the CCN [3+ 2] model intimately involves both of the'6  Taple 6. Enantioselectivity in the Asymmetric Dihydroxylation of
alkoxy substituents in binding to that portion of the substrate Olefins Using DHQD-PYDZ—Anthraceny! Ligand&-8e

which lies within the two sides of the U-shaped binding region. s Tee, PPRTS 73, ¢,
Figure 10 illustrates the binding expected for 1-decene as Entry o (% yield) (% yield) (% yield)
substrate according to the CCN and Sharpless models. As 1 pr-Ph >99(99) >98(92)  98(96)
described previously for the dihydroxylation of styrene, the 6 ALt

substituent on the quinoline rings has an important effect on 2 Bt BEY  KOH 78U
enantioselectivitya1® In the dihydroxylation of styrene, for 3 PR 96(95)  91(76)  80(82)
example, the observed enantiomeric excess of the product diol

as a function of the '6substituent X of similar size is as 4 9908) 9893 9109

follows: X = OMe, 96%; X= CH,Me, 93%; X= O-n-Bu,
97%. However, for the smaller group> H, the observed ee s ‘/\O)k@ 0899 95099) 9098
was only 82% and for the larger > O-triisopropylsilyl, only ' oMe
50%. These results are not expected from the Sharpless model,
but they can readily be understood from the CCN model. oj\@
The CCN model also has allowed the design of catalysts O/\ oMe
which close off the rear of the U-shaped binding pocket with
concomitant limits on the degree with which a substrate can
penetrate the U-domain. These considerations have led to the
synthesis of the O#&4-heptyl analog of the (DHQDR)ligand
with a benzophthalazine linker and the demonstration that this
ligand leads to very high position selectivity in the dihydroxy- that represented by the two diastereomeric mono-DHQD-mono-
lation of di-, tri-, and polyolefinic substraté$. The CCN  1_anthracenyl ligand&2 and23.7¢ As shown in the formula,
transition state for the dihydroxylation at the distal double bond ||gand 23 presents a b|nd|ng pocket which projects rearward of
of farnesyl acetate (selectivity120:1) is shown in Figure 11.  the pyridazine ring. Although this catalytic ligand is inferior
This high position selectivity was correctly predicted in advance tg 1 for the asymmetric dihydroxylation of substrates such as

[0}

98 (>99) 98 (>99) 95 (>99)

(=}

7 n-CoHy7 S 79 (95) 78 (86) 44 (99)

Ph
8 @ 98 (88) 93 (99) 90 (99)

by the CCN model. We are not aware of any{22] type  styrene, olefins possessing extended binding groups are dihy-
transition state proposals which explain position selectivity in droxylated with high enantioselectivity (see Table 6). Thus,
the dihydroxylation of polyenes. the allylic 4-methoxybenzoates and 2-vinylnaphthalene are good

Another type of cinchona-based catalytic system which tests sypstrates for the asymmetric dihydroxylation using this catalyst.
the mechanistic models for Osnediated bishydroxylationis  These results can be readily understood in terms of the U-shaped

(18) Arrington, M. P.; Bennani, Y. L.; Ggel, T.; Walsh, P.; Zhao, S.- binding. pocket proposed in the CCN model, as the extended
H.; Sharpless, K. BTetrahedron Lett1993 34, 7375. aromatic group projects far enough from the double bond to
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Figure 12. Stereoview of the proposed transition state arrangement for the asymmetric dihydroxyleBephafriyl-2-propen-1-yl 4-methoxybenzoate
catalyzed by23.

interact with the remotely located binding pocket. The slightly Taple 7. Kinetic Resolution of Racemic Allylic
lower enantioselectivity that results from the use of catalyst 4-Methoxybenzoates Using Cinchona Alkaloid Ligands
ligand23 as compared tt or 22 can be understood in terms of

o R [o] R
AD
the loss of favorable contacts between the substrate vinyl group O/lo}m Kinetic Rezolution /©)Lo)m
H;CO H3CO
24

and the catalyst on displacement of the forward aromatic ring

of the catalyst to the rear of the binding region. Most of the racemic 24

binding between substrate and catalyst in the transition state is

the result of aromatic stacking interactions between the remote Substrate Ligand Kol

binding group of the substrate and the rearward portion of the

catalyst U-shaped pocket. §H (DHQD),PYDZ (1) 3
The Sharpless metallaoxetane model seems inconsistent with ’©)L /\

the data in Table 6. According to the Sharpless model, the distal ~ H.co DHQD-PYDZH(S)-anthryl (23) 20

(right side) quinoline ring provides only a modest eddgmce racemic 242

aromatic interaction with styrene in the metallaoxetane inter-

mediate, as shown in Figure 2. Close examination of this 9 (DHQD),PYDZ (1) 18

drawing reveals minimal contacts between the substrate and the o ’

methoxyquinoline wall that forms half of the proposed L-shaped O)Lo

domain. It would be expected from this model that replacement  y.¢o ! DHAD-PYDZAS)-anthry! (23) 7

of the second alkaloid moiety with a methoxy group would only racemic 24b

slightly affect enantioselectivity. This expectation is contrary
to experimental results, as this replacement results in a
catastrophic deterioration in enantioselectivitylf the forward
methoxyquinoline ring provides crucial binding interactions with
the substrate, then it is also not clear why cataB&twhich
lacks a forward aromatic group, provides excellent enantiose-
lectivity in the asymmetric dihydroxylation of substrates that
possess remote binding groups.

a Relative rates of reaction of e@% and24.

transition state for bis-cinchona-catalyzed enantioselective di-
hydroxylation of olefins that a number of subtle and powerful
new applications have been developed under its guidance. One
such advance stemmed from the expectation that the kinetic
resolution of the 4-methoxybenzoates of racemic allylic alcohols
with chirality about C(1) should be feasible. The experimental
@ verification of this prediction has recently been described in

OCH, detail®¢ The salient results are summarized in Table 7, which

@ @ documents the unprecedented effectiveness of this approach for
MeQ, WA a number of racemic substrates. A stereopair representation of
W ny '_ H the_ proposed pathway for _the dihydroxylation_ of_the more
HH “, ;q N=N y 3 rapidly dihydroxylated enantiome8)-24 appears in Figure 12
MY e _ ON 0—Q_ )0 Hc CHa with the results for the process shown in Table 7. The excellent
W °—<_>‘° { structural complementarity of the catalyst and the substrate

provides a clear basis for understanding the scope, level, and

direction of the kinetic resolution. In the CCN transition state
Kinetic Resolution of Racemic Substrates. The CCN for the dihydroxylation of §-24, the olefinic carbons are

mechanistic model has provided such a detailed picture of the correctly aligned for [3+ 2] cycloaddition with one axial and

23
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one equatorial oxygen of complexed Qs@nd the 4-meth-
oxybenzoate subunit is correctly positioned for good binding

Corey and Noe

Hz), 3.85 (s, 3H), 2.83 (t, 2H) = 8.1 Hz), 2.38 (m, 2H) ppmiC
NMR (CDCls, 100 MHz)6 166.3, 163.4, 136.2, 133.2, 131.9, 131.8,

in the U-shaped domain, while the phenyl substituent is located 130-2, 127.8, 127.3, 126.6, 122.9, 122.7, 113.6, 65.4, 55.4, 27.8, 23.1

so as to avoid any unfavorable nonbonded steric interaction.
Indeed, there is a van der Waals binding contact between the
face of the phenyl group and the front edge of the anthracene

ring on the right side of the U-domain. ThB)(enantiomer of

ppm; CIMS 312 [M+ NH4]*, 295 [M + H]*; HRMS calcd for
[C19H1805 + NH4]* 312.1600, found 312.1608.
9-Benzylidenefluorene (7). To a—78 °C suspension of benzyltri-
phenylphosphonium bromide (1.3 g, 3.0 mmol) in 20 mL of THF was
addedn-BuLi (1.1 mL, 2.7 M in hexane, 3.0 mmol), and the mixture

1-phenyl-2-propen-1-yl 4-methoxybenzoate cannot bind in a way 45 stirred fo 1 h at—78°C. The mixture was warmed to 2& and

analogous to the§-enantiomer binding shown in Figure 12

stirred for 1 h. A solution of 9-fluorenone (0.50 g, 2.8 mmol) in 10

because of large steric repulsion between the phenyl group andmL of THF was added, and the solution was stirred8ch at 23°C

the left wall of the U-shaped domain (including the coordinated
0OsQy). As expected from the CCN mechanistic model, the

and for 1 h atreflux. The mixture was cooled to 2& and filtered
through a small plug of silica gel eluting with 20:1 hexarethyl

effectiveness of the kinetic resolution process decreases wherfcetate. The filtrate was concentratadvacug and the residue was

the phenyl substituent at C(1) of the racemic allylic ester is
replaced by the smaller methyl group (Table 7).

Summary and Conclusions

The determination of the fine mechanistic details of important

new enantioselective processes represents a major challenge t
chemists, and also a great opportunity, since the detailed
understanding of mechanism can reveal important new principles
for further discovery. In the present analysis, the evidence on
the mechanism of the bis-cinchona alkaloid catalyzed enantio-

purified by radial chromatography (4 mm silica plate, hexane) to afford
0.67 g (95%) of7 as a colorless solid: mp 6€; R = 0.65 (1:4 ethyl
acetate-hexane)!H NMR (CDCls, 400 MHz)¢6 7.80 (d, 1HJ = 7.3

Hz), 7.73 (m, 3H), 7.58 (m, 3H), 7.47 (t, 2d,= 7.1 Hz), 7.40 (m,
4H), 7.09 (t, 1H,J = 6.8 Hz) ppm;**C NMR (CDCk, 100 MHz) 6
141.2, 139.4, 139.1, 136.8, 136.5, 136.4, 129.2, 128.5, 128.2, 128.0,
627.3, 127.0, 126.6, 124.4,120.2, 119.7, 119.6 ppm; EIMS 254;[M]
HRMS calcd for [GoH14 ™ 254.1096, found 254.1087.

General Procedure for the Asymmetric Dihydroxylation. A
solution of K,CO; (3.00 equiv), kFe(CN) (3.00 equiv), kOsQi2H,0
(0.01 equiv), (DHQDYPYDZ (1) (0.01 equiv), and CEBO,NH, (only
for 1,2-disubstituted and trisubstituted olefins, 1.00 equivgrtbutyl

selective dihydroxylation has been examined as broadly asajcohol-water (1:1) was cooled toT. The resulting suspension was

possible in order to distinguish between-{22] cycloaddition
(Sharpless) and [3+ 2] cycloaddition (CCN; see Figure 1)
models. The following lines of evidence have been found to
support the CCN model: (1) enantioselectivity as a function of
olefin structure for a wide range of olefinic substrates, (2)
enantioselectivity as a function of catalyst structure for a variety
of catalysts in the cinchona series, and (3) observed Michaelis
Menten kinetics which demonstrate rapid reversible formation
of an intermediate prior to the rate-limiting st&p.We know
of no experimental evidence which is not in accord with the
CCN model.

The value and utility of any mechanistic model reside in its
predictive power and its ability to lead to successful new
applications. In addition to being consistent with all the

treated with the corresponding olefin (0.1 M with respect to total
reaction volume). The mixture was stirred for the indicated time and
guenched by addition of N&0;. The mixture was stirred for 5 min,
warmed to 23°C over 5 min, and partitioned between ethyl acetate
and minimal water. The aqueous layer was extracted three times with
ethyl acetate, and the combined organic extracts were washed twice
with brine, dried with NaSQ,, and concentrateic vacua Purification
of the residue was accomplished by filtration through a silica gel plug,
eluting with ethyl acetate or by radial chromatography (4 mm silica
gel plate, eluting with hexanreethyl acetate). Concentration of the
appropriate fractions) vacuoafforded the indicated yield of product.
Asymmetric Dihydroxylation of o-Methylenetetralin (5). Asym-
metric dihydroxylation according to the general procedure usifl
mol %) and KkOsQ:2H,0 (0.1 mol %) on 0.14 g (0.96 mmol) &fat
0 °C for 12 h afforded 0.15 g (90%) of the diol as a colorless solid of

experimental observations, the CCN model has led to numerous?4% ee: mp 133C; R = 0.33 (1:1 ethyl acetatehexane); §] —39

improvements in enantioselectivity in the asymmetric dihy-
droxylation of substrates that initially failed in this reaction.

Some novel applications that have broader impact on organic

(c 0.40, EtOH);*H NMR (CDCls, 400 MHz)6 7.53 (m, 1H), 7.18 (m,
2H), 7.09 (m, 1H), 3.70 (d, 1H] = 11.4 Hz), 3.65 (d, 1H) = 11.4
Hz), 2.82 (m, 2H), 2.27 (m, 3H), 1.77 (m, 3H) pp#C NMR (CDCk,

100 MHz)6 139.2, 137.7, 128.9, 127.7, 126.6, 126.3, 73.0, 69.2, 33.3,

synthesis have also been discovered through the logical ap->g g 20.2 ppm: CIMS 196 [M- NH,]*, 178 [M], 161, 147; HRMS

plication of the [3+ 2] model; for example, (1) position
selective terminal dihydroxylation of oligoterpene derivatives,
(2) position selective dihydroxylation of allylic 4-methoxyben-

caled for [GiH140, + NH* 196.1338, found 196.1334. The
enantiomeric excess was determined by HPLC analysis (Chiralpak AD
column, 10% 2-propanelhexane, 1 mL/mind = 254 nm, retention

zoates and related analogs that allow multiple double bonds totimes 11.8 min (minor), 14.1 min (major)).

be oxidatively differentiated by means of a removable directing
group, and (3) kinetic resolution of racemic allylic 4-methoxy-

Asymmetric Dihydroxylation of 1-[[(4-Methoxybenzoyl)oxy]-
methyl]-3,4-dihydronaphthalene (6). Asymmetric dihydroxylation

benzoates that has powerful implications for the desymmetri- &ccording to the general procedure usihgl mol %) and KOsQy

zation of prochiral substrates.

Experimental Section

1-[[(4-Methoxybenzoyl)oxy]methyl]-3,4-dihydronaphthalene (6).
1-(Hydroxymethyl)-3,4-dihydronaphthaléfi&vas converted t6 using
the previously reported general procedure for the preparation of allylic
4-methoxybenzoated:R = 0.35 (15:85 ethyl acetatehexane);'H
NMR (CDCl;, 400 MHz) 6 8.01 (m, 2H), 7.33 (m, 1H), 7.237.17
(m, 3H), 6.90 (m, 2H), 6.27 (t, 1Hl = 4.5 Hz), 5.17 (d, 2HJ = 1.1

(19) In addition to these lines of evidence which argue against the [2
2] pathway, recent studies on tRéC/A3C kinetic isotope effects at the
olefinic linkage in the dihydroxylation reaction provide a compelling case
in favor of the CCN model. Corey, E. J.; Noe, M. C., Grogan, M. J.
Tetrahedron Lett1996 37, 4899.

(20) Campbell, M. M.; Abbas, N.; Sainsbury, Metrahedronl 985 41,
5637.

2H,0 (1 mol %) on 0.113 g (0.384 mmol) & at 0 °C for 2.75 h
afforded 0.040 g (32%) of the diol as a colorless solid of 98% ee and
0.061 (54%) of6: Ry = 0.36 (3:1 methylene chlorideethyl acetate);
[a] —20.7 € 1.18, CHCH); 'H NMR (CDCl;, 400 MHz) 6 7.93 (m,
2H), 7.66 (m, 1H), 7.25 (m, 2H), 7.13 (m, 1H), 6.89 (m, 2H), 4.59 (d,
1H, J = 12.0 Hz), 446 (d, 1H) = 12.0 Hz), 4.19 (dd, 1H) = 6.1,
3.5 Hz), 3.85 (s, 3H), 3.36 (bs, 1H), 3.05 (m, 1H), 2.78 (dt, Ik
17.1, 5.8 Hz), 2.78 (bs, 1H), 2.11 (m, 2H) ppfC NMR (CDCk,
100 MHz) 6 166.5, 163.7, 136.6, 136.2, 131.8, 128.7, 128.1, 127.7,
126.6, 121.9, 113.8, 73.5, 69.0, 68.4, 55.5, 26.1, 25.2 ppm; CIMS 346
[M + NH4*, 329 [M + H]*, 311 [M — OH]*, 231, 180, 138; HRMS
calcd for [GgH200s + H]+ 329.1389, found 329.1376. The enantio-
meric excess was determined by HPLC analysis (Chiralcel OJ column,
15% 2-propancethexane, 1 mL/min} = 254 nm, retention times 26.7
min (minor), 44.8 min (major)).

Asymmetric Dihydroxylation of 9-Benzylidenefluorene (7) Asym-
metric dihydroxylation according to the general procedure usi(g
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mol %), K;OsQy:2H,0 (0.5 mol %), and CEBO:NH, (1 equiv) on7 mL of water. The aqueous mixture was extracted three times with 50
(0.24 g, 0.96 mmol) gave 0.17 g (61%) of the corresponding diol as a mL of CH,Cl,. The combined organic layers were dried over anhydrous
colorless solid of 97% ee and 0.058 g (23%) of recovefed? = NaSQ,, filtered, and concentrated vacua The residue was filtered

0.36 (1:3 ethyl acetatehexane); mp 126C; [a] +8.4 (c 0.62, EtOH); through a pad of silica gel, eluting with 1:1 ethyl acetatexane, to

1H NMR (CDCl;, 400 MHz)6 7.63 (d, 1H,J = 7.8 Hz), 7.56 (dd, 1H, afford 0.70 g (75%) of the corresponding diol (structure shown in Table
J=2.2,5.1Hz), 7.35 (m, 2H), 7.27 (m, 4H), 6.96 (t, LH+ 6.7 Hz), 2) as a yellow solid: mp 133.5C; [a] —6.4 (€ 0.22, EtOH);R =

6.89 (t, 2H,0 = 7.8 Hz), 6.73 (d, 2HJ = 7.2 Hz), 5.26 (s, 1H), 4.89  0.34 (50% ethyl acetatehexane)H NMR (CDCls, 500 MHz)J 8.66

(b, 2H) ppm;3C NMR (CDClk, 100 MHz)6 145.9, 144.8, 140.2, 140.1,  (d, 2H,J = 8.7 Hz), 8.44 (s, 1H), 8.01 (d, 2H,= 8.0 Hz), 7.51 (m,
137.6, 129.3, 129.1, 127.5, 127.3, 127.0, 126.8, 125.7, 124.3, 119.8,2H), 7.46 (m, 2H), 6.40 (dt, 1H] = 9.7, 3.0 Hz), 4.48 (dt, 1H) =
119.6, 84.8, 79.5 ppm; CIMS 306 [M- NH4]*, 288 [M]*; HRMS 3.4, 11.8 Hz), 3.94 (m, 1H), 2.75 (d, 18,= 2.3 Hz), 2.35 (dd, 1H,
calcd for [GoHigO2 + NH4* 306.1494, found 306.1480. The J= 3.8, 8.0 Hz) ppm3C NMR (CDCk, 100 MHz)6 131.6, 130.3,
enantioselectivity was determined by chiral HPLC analysis (Chiralpak 129.9, 129.3, 128.7, 125.9, 124.8, 124.6, 72.5, 66.1 ppm; FABMS 261

AD co_Iumr_l, 15% 2-pro_pano|-hexar_1e, 1 mL/mih= 254 nm, 23°C, [M + NaJ; HRMS calcd for [GeHO. + H]* 261.0892, found
retention times 16.3 ming, 18.4 min R)). 261.0890. The enantioselectivity was determined by HPLC analysis
Asymmetric Dihydroxylation of Phenyldihydronaphthalene (9). (Chiralcel OD column, 10% 2-propanehexane = 254 nm; retention

Asymmetric dihydroxylation according to the general procedure using times 26.7 min R), 40.2 min €)). To a solution of the above diol
1 (1 mol %), K:0sQ-2H,0 (0.5 mol %), and methanesulfonamide (1 (0.010 g, 0.042 mmol) in 0.2 mL of Gigl, was added pyridine (0.0079
equiv) on 0.20 g (0.96 mmol) & at 0°C for 72 h afforded 0.18 9 g 0.10 mmol) and acetic anhydride (0.010 g, 0.10 mmol), and the
(79%) of the diol (shown in Table 2) as a colorless solid of 77% ee yesylting solution was stirred at 28 for 24 h. The mixture was taken

and 0.037 g (19%) of recovere®l R = 0.59 (1:1 ethyl acetate up in 2 mL of 1 M HCI, and the aqueous layer was extracted with 10
hexane); §] —60.7 € 0.42, EtOH);*"H NMR (CDCls;, 400 MHz) 6 mL of ether. The organic layer was washed with 2 mL of saturated
7.29-7.08 (m, 8H), 7.02 (d, 1H) = 7.7 Hz), 4.03 (d, 1H) = 6.6 NaHCG;, dried over anhydrous MgSQfiltered, and concentrateid
Hz), 3.15 (s, 1H), 2.98 (dt, 1H] = 5.8, 17.1 Hz), 2.88 (dt, 1H] = vacuq giving 0.012 g (90%) of the diacetate as a yellow solid. mp
6.9, 18.1 Hz), 2.32 (bs, 1H), 2.03 (m, 1H), 1.90 (m, 1H) ppfg 86.5-87.5°C; [a] —38.6 € 1.00, EtOH);R = 0.52 (50% ether

NMR (CDCl;, 100 MHz) 6 145.9, 140.1, 136.4, 130.0, 128.3, 127.9, hexane);!H NMR (CDCls;, 500 MHz) 6 8.60 (b, 2H), 8.47 (s, 1H),
127.7,127.2,127.1, 126.7, 77.4, 75.4, 26.7, 26.0 ppm; CIMS 258 [M 8.01 (d, 2H,J = 8.0 Hz), 7.59 (m, 2H), 7.55 (M, 1H), 7.46 (m, 2H),
+ NH4]*, 240 [M]*; HRMS calcd for [GeH1602] " 240.1150, found 5.04 (da 1I—’|,] —96 1212 Hz) 4.231 (dd, 1K= 3.8, 12.2 Hz), 2.12
240.1143. The enantiomeric excess was determined by HPLC analysis(sy 3H), 2'.10 (s, 3H) ;:)pml?’C NI\}IR (CDCb’, 100 MHz)ﬁ 170.8, 1’70.2,

(Chiralcel OD column, 15% 2-propanehexane, 1 mL/mini = 254 131.5, 130.0, 129.5, 129.3, 126.7, 126.5, 124.9, 77.3, 70.4, 65.3, 21.0,

nm, 23°C; retention times 11.8 min (major), 9.2 min (minor)). - EIMS 322 207: HRMS caled f H +
Asymmetric Dihydroxylation of 8. Asymmetric dihydroxylation ggéslggg'found 392 123\2]’ ' caled for [GoHie0]

according to the general procedure usinl mol %), K:0OsQ-2H,0O . .
(0.5 mol %), and methanesulfonamide (1 equiv) on 0.20 g (0.96 mmol) 10 & mixture of the above diacetate (0.012 g, 0.037 mmol),
of 821 at 0°C for 48 h gave 0.21 g (91%) of the Corresponding diol N-bromosuccinimide (0007 g, 0.04 mmol), and 0.1 mL of O@as

(structure shown in Table 2) as a colorless solid of 95% ee: mp 130 &dded a crystal of iodine, and the mixture was stirredsfa at 75°C.

°C; R = 0.42 (1:1 ethyl acetatehexane); §] +62 (c 0.33, EtOH):H The mixture Wgs cooled to 2%, and. the resulting 10-bromo derivative
NMR (CDCls, 400 MHz)6 7.78 (d, 1H,J = 7.5 Hz), 7.61 (d, 1HJ = diacetate was isolated by preparative TLC (1:1 ethyl acetateane).

7.5 Hz), 7.39 (m, 2H), 7.36 (m, 2H), 7.03 (d, 1Bi= 7.6 Hz), 3.80 The material thus obtained was taken up in 5 mL of methanol, and 0.1
(m, 1H), 3.22 (ddd, 1H) = 2.8, 6.4, 14.6 Hz), 2.77 (m, 1H), 2.42 (d, 9 of KOH was added. Cleavage of the acetate groups was complete
1H,J = 9.4 Hz), 2.33 (m, 2H), 2.22 (m, 1H) ppr’C NMR (CDCk, within 5 min. The mixture was concentratedvzacuoand partitioned

100 MHz) ¢ 147.7, 142.7, 140.2, 139.6, 135.6, 130.3, 129.2, 128.0, between 1 mL of water and 2 mL of GBI,. Further extraction of
126.7,125.4,120.6, 117.5, 77.7, 72.0, 27.9, 25.8 ppm; EIMS 238;[M]  the aqueous layer with GBI, (2 x 2 mL) gave 0.010 g (84%) of
HRMS calcd for [GeH140,]" 238.0994, found 238.1003. The enan- 1-(10-bromo-9-anthracenyl)ethane-1,2 diol as a colorless solid: mp
tiomeric excess was determined by HPLC analysis (Chiralpak AD 112.5°C dec; p] —2.9 (¢ 0.35, EtOH);R = 0.34 (50% ethyl acetate

column, 15% 2-propanelhexane, 1 mL/minA = 254 nm, 23°C; hexane)!H NMR (CDCl;, 500 MHz)¢ 8.68 (d, 2H,J = 7.8 Hz), 8.61
retention times 15.7 minR), 21.8 min ). (d, 2H,J = 8.0 Hz), 7.58 (m, 2H), 7.50 (m, 2H), 6.47 (m, 1H), 4.48
Asymmetric Dihydroxylation of 9-Vinylanthracene (10). Asym- (dd, 1H,J = 9.6, 12.2 Hz), 3.93 (dd, 1H] = 3.8, 12.2 Hz), 2.94 (s,

metric dihydroxylation was conducted according to the general 1H), 2.48 (s, 1H) ppm; FABMS 339 [M- Nal*, 316 [M + H]*.
procedure using (1 mol %) and KOsQ-2H,O (0.01 mol %) on 0.80
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